The use of a bioartificial renal tubule device composed of renal proximal tubule cells grown within a hollow fiber cartridge is a first step in engineering a bioartificial kidney to provide more complete replacement therapy of renal function than is available today. In this study, the feasibility of two designs for a tubule device were investigated: one with cells grown on microcarrier beads densely packed within the extracapil lary space of a hollow fiber cartridge, and the other with cells grown as a confluent monolayer within the hollow fibers themselves. First, the oxygen requirements of porcine renal proximal tubule cells were deter mined, both attached to microcarriers and in suspension and compared to that of proximal tubule segments. The basal rate of cell respiration was found to be 2.29 ± 0.53 nmol O 2 /10 6 cells/min for our cultured proximal tubule cells in suspension and no significant difference was seen with attached cells. Proximal tubule seg ments displayed significantly higher respiratory rates. Cells were also found to be responsive in the presence of mitochondrial inhibitors or uncouplers, and their respiratory rates remained constant, despite multiple passaging. The resultant cell oxygen consumption parameter was used in models describing oxygen concen tration profiles within the two device configurations. From these models, it was found that cells within our proposed device designs could theoretically be sustained and remain viable, with respect to oxygen limita tions. Finally, flow visualization studies were performed to assess fluid flow distribution and determine optimal device configuration and geometry to decrease areas of low or stagnant flow.
INTRODUCTION
Tissue engineering is a rapidly growing field in which cells are used as a therapeutic delivery vehicle (23) . The motivation for tissue engineering within ne phrology has come from the persisting medical problem involving loss of kidney function and end-stage renal failure. Current approaches to the treatment of these dis orders are transplantation of viable tissue or the use of mechanical devices. Long-term chronic renal, replace ment therapy with either chronic hemodialysis, ambula tory peritoneal dialysis (CAPD), or acute hemodialy sis or hemofiltration for the nearly 400,000 patients in the US suffering from either chronic or acute renal fail ure is not a complete replacement therapy. These ap proaches only provide the filtration function (usually on an intermittent basis) and do not replace the critical homeostatic, regulatory (reabsorptive), metabolic, and en docrine functions of the kidney (13) . A more complete replacement of renal function can be accomplished by engineering a bioartificial kidney composed of both bio logic and synthetic components.
The functioning excretory unit of the kidney is com posed of the filtering unit, the glomerulus, and the regu latory and transporting unit, the tubule. Mimicking this unit can be achieved by using a bioartificial tubule com ponent serially attached to a conventional artificial hemofilter. A bioartificial tubule can be thought of as a com bination of cells supported on a polymeric substrata (19, 27) . Critical to the advancement of a tubule con struct is the need for the isolation and growth of special ized epithelial cells to perform vectorial solute transport and renal regulatory functions. These cells should pos sess stem cell characteristics, being able to self-renew and differentiate under defined conditions. The technical feasibility of a cell system derived from cells grown as confluent monolayers along the luminal surface of poly meric hollow fibers has been achieved (19, 27) . Alternate cell systems have also been investigated, some of which consist of a packed system of cells grown on microcar rier beads (2, 21, 31) . Cell cultivation on beads allows for high-density growth of anchorage-dependent cells (32, 40, 42) .
In this study, two different schemes were investigated as designs for a bioartificial renal tubule device. In both, blood from a patient would first be filtered with a con ventional hemofilter. The first design consists of cul tured renal proximal tubule cells from primary isolation, grown as a confluent monolayer in the lumen of hollow fibers housed in a cartridge (Fig. 1A) . Ultrafiltrate from the upstream hemofdter would be perfused through the hollow fibers of the cartridge, whereas postfiltered blood would circulate in the extracapillary space (ECS), leav ing the cells immunoprotected with the porous polymer, where by having a defined molecular weight cutoff, would serve as a barrier. Scale up of such a device can be achieved by increasing the luminal surface area either by lengthening the device or by increasing the number of hollow fibers residing within it. The other design, which will afford a higher cell density, is one in which the cells are grown within porous microcarrier beads and are densely packed into the ECS of a hollow fiber device The goal of this study was to ascertain the overall feasibility of sustaining cell viability within the pro posed tubule device designs. Mathematical models and flow visualization techniques were used to answer the question of whether an adequate oxygen supply to all the cells within the device would be maintained. Oxygen is known to be a critical and limiting factor for cell growth and viability, and an adequate supply is essential for cell differentiation and function (9) .
Respiration rates of renal proximal tubule cells for use as a parameter in the development of mathematical models were initially determined. Porcine renal proxi mal tubule cells and proximal tubules were harvested for this study. The pig is currently considered the preferred source of organs for both human xenotransplantation and immunoisolated cell therapy devices due to its ana tomical and physiological similarities with humans (7, 10, 11, 43) . Studies were performed to assess the differ ence in respiratory rates of proximal tubule cells, both in suspension and adherent to microcarriers, and of proximal tubules in suspension. Knowing the oxygen uptake rate of our cultured cells, a mathematical analysis of oxygen depletion within each proposed device design was then performed. From this analysis, the maximum overall cartridge length that would maintain an oxygen supply above a threshold value to all the cells was deter mined for each design. Convective transport, in terms of fluid flow and distribution, is also an important means for nutrient delivery as well as metabolite excretion in Figure 1 . Configuration of bioartificial tubule device. Device construction with (A) cells grown as a confluent monolayer lining the hollow fibers of a cartridge and (B) cells grown in microcarrier beads densely packed in the extracapillary space of a cartridge. In (A), blood (black) is delivered to the lumen of hollow fibers in a hemofilter. The ultrafiltrate (white) is then de livered to the lumen of hollow fibers in the renal'tubule device, while the postfiltered blood is circulated in the extracapillary space. In (B), blood (black), after being filtered by the hemofilter, is circulated through the hol low fibers of the renal tubule device, while ultrafiltrate (white) is dispersed through the extracapillary space. In both cases, ultrafiltrate exiting the tu bule device is voided as urine and the processed blood is returned to the circulation.
these device designs. Flow visualization experiments
were performed by tracking the flow of injected dye within commercially designed cartridges and a glass model in order to identify regions of stagnant/low flow.
MATERIALS AND METHODS

Determination of Oxygen Consumption Parameter
Cell Culture. Porcine renal proximal tubule cells were isolated from whole kidneys (15, 16) . In brief, sus pensions of renal proximal tubule segments were ob tained after collagenase (Worthington, Type IV, Lakewood, NJ) treatment of minced renal corticies, followed by Percoll (Pharmacia, Piscataway, NJ) gradient centrif ugation. A sample of tubules in suspension was saved for respiratory rate determination. Cells were grown from these tubule segments in 100-mm Corning tissue culture plates with serum-free, hormonally defined DME Hams F12 medium containing added HEPES (12.5 mM), glutamine (2 mM), and Fungi Bact (Irvine Scien tific, Santa Ana, CA) (to be referred to as standard me dium), which was further supplemented with [to be re ferred to as supplemented standard (SS) medium] insulin (5 ug/ml), transferrin (5 ug/ml), hydrocortisone (0.1 uM), 3,3',5-triiodo-L-thyronine (6 pM), ethanolamine (0.5 uM), phosphorylethanolamine (0.5 uM), prosta glandin E, (28 nM), dexamthasone (50 nM), sodium selenite (29 nM), retinioic acid (0.1 uM), epidermal growth factor (10 ng/ml), and trace elements of MnCl 2 -4H 2 0 (1 x 10" 6 mM), Na 2 Si0 3 -9H 2 0 (5x10^ mM), (NH 4 ) 6 Mo 7 0 24 -4H 2 0 (lxlO -6 mM), NiS0 4 -6H 2 0 (5 x 10" 7 mM), SnCl 2 -2H 2 0 (5 x 10" 7 mM), and NH 4 V0 3 (5 x 10" 6 mM). The cultures were maintained in a humidified 5% C0 2 /95% air incubator at 37°C. Once confluent, cells were treated with trypsin (0.25% trypsin/1 mM EDTA; Gibco BRL, Grand Island, NY) and either passaged (1:3) or used in respiration studies. Medium was changed every 2-3 days. Cultures became confluent in 3-7 days.
Preparation
of Cells. Once cells had reached confluency, 5 x 10 7 cells were treated with trypsin and sus pended in 2.5 ml standard medium. Cell suspensions were placed in siliconized (Sigmacote, St. Louis, MO) 25-ml glass flasks and the air space was gassed with 21% 0 2 /5% C0 2 /balance N 2 for 1 min. Flasks were then sealed and allowed to gently shake in a water bath at 37°C for 1 h. Before each run, two samples were saved from each flask for cell counts and protein content mea surements. Cell viability was found to be greater than 99% as detected by trypan blue exclusion.
Preparation and Growth of Cells on Microcarriers.
Cells were grown in SS medium on either macroporous gelatin (Cultispher-G; Hyclone, Logan, UT) or dextran 
Statistics.
Experiments for respiration rates of cells in suspension were done for five different kidney isola tions with two or three measurements per cell passage.
Respiration rates of freshly isolated proximal tubule seg ments were assessed for seven different kidney isola tions with two measurements per run. Experiments with cells on microcarriers were accomplished six times us ing cells from each of three different kidney isolations. Three experiments each were performed for dextran and gelatin microcarriers. Tukey-Kramer multiple compari sons test (p<0.001) was used for statistical compari sons. All values are expressed as mean ± SD.
Flow Visualization Studies
The experimental setup consisted of two cartridges in series: a Fresenius AV400S hemofilter (Ultraflux, car tridge diameter = 3.2 cm, effective length = 23 cm; Fre senius, USA) followed by a custom-made glass chamber (cartridge diameter = 3.8 cm, effective length = 20.5 cm). This setup is similar in the circuitry design to the conceptualized bioartificial kidney design. Fluid (water) was pumped at 80-100 ml/min through Tygon tubing from a reservoir using a peristaltic pump (Cole Palmer, model No. 7521-10; Masterflex tubing, size 25). Fluid flowed through the fibers of the horizontally mounted hemofilter (with the ECS ports clamped), then through a venous air trap (Fresenius), into one of the ports of the glass visualizing device. Once the cartridges were filled devoid of air bubbles and a steady-state flow was achieved, a bolus of dye (standard food coloring) was injected with a syringe through a port on the air trap. Both video and photographic stills were taken tracking the entry of the dye and the eventual flushing out of the dye.
A 37% (by volume) glycerolAvater solution was also used as the fluid within the glass cartridge, with dyed Cytodex microcarriers (Cytodex-3, p = 1.04 g/ml, d = 175 (im; Pharmacia, Piscataway, NJ) serving as the visu alizing agent. A 37% glycerol solution has been used by other investigators as a blood analogue, mimicking the specific gravity and viscosity of blood (30, 33) . Micro-carriers were colored by immersing them into dye and washing to remove excess dye. Once the system was filled with the glycerol solution and devoid of air, the microcarriers, suspended in glycerol solution, were in jected into the venous trap using a syringe. These microcarriers were of similar density to the glycerol solution and remained suspended. MA) was used as the prototype for this model (Table 1) .
This model was used to predict the maximum length a cartridge can be designed, with respect to oxygen limita tions, where ultrafiltrate flows inside the fibers and postfiltered blood flows on the outside of the fibers, in the Because the mathematical model was simply con structed as a means to address the feasibility of such a device on achieving cell viability throughout, a few ini tial simplifying assumptions were made. Assumptions made regarding the cells were:
1. A confluent monolayer of cells will exist lining the inside of each fiber.
These cells exist in equilibrium or exchange oxygen
with the ultrafiltrate to reach equilibrium.
Oxygen consumption within the cells is constant
(zero order).
4. Cells will have depressed metabolic function when the oxygen partial pressure drops below 10 mmHg.
Assumptions made regarding the fibers and device ge ometry were:
1. The fibers are arranged symmetrically and are mod eled as cylinders ( Fig. 2A ).
2. The fibers are arranged in a hexagonal close packed pattern ( Fig. 2A ).
3. The transport rate of oxygen through each fiber wall is approximated by the transport rate of oxygen in water.
4. Gradients in the ECS will be neglected.
Justification of the final assumption is based on knowing that the radial distance between fibers is very small com pared to the longitudinal distance (-280 um vs. -12 cm). It is inferred that the change in concentration in the z direction will be much higher than the change in the r direction. Also, because blood is flowing in the ECS, the flow will tend to behave like plug flow (as cells in a continuum), unless the shear forces are such that the cells align with the flow.
We have looked at two possible extreme scenarios where R 0 and /?, are the outside and the inside radii of the fiber, respectively, and the concentration of oxygen is represented at the outer fiber wall, C w , and the inner fiber wall, C, ( Fig. 2A ).
Because the limiting partial pressure inside the fiber is 10 mmHg, then the above equation determines the minimum oxygen partial pressure on the ECS side. If we make a mass balance from entrance to the exit, we can determine the length over which cells can be sus tained with oxygen coming from the blood in the ECS. where q = the oxygen consumption rate by the cells con verted to per unit area.
Mathematical Model: Cells in Extracapillary Space
A mathematical model was used to predict the maxi mum length theoretically attainable without suffering from oxygen limitations when designing a cartridge densely packed with cells grown in microporous beads in the extracapillary space. The oxygen concentration profiles in an individual fiber and the surrounding ECS were predicted as well. A Fresenius Minifilter™ hemofiltration cartridge was used as the prototype for this model ( Table 2 ). In this scenario, postfiltered blood sup plying oxygen flows inside of the fibers, allowing the cells to be immunoisolated (Fig. IB) . For this design, ultrafiltrate is allowed to flow in the ECS, and it will be assumed that the contribution of the dissolved oxygen from the ultrafiltrate would be small compared to that in the blood component and can, therefore, be ignored. Although more sophisticated models have been devel oped for similar phenomena (20, 24, 35) , in order to sim ply address the feasibility of such a design, we chose to initially model our system following the classical Krogh tissue cylinder model, assuming the densely packed cells/microcarriers exist as a tissue (Fig. 2B) . The ana lytical solutions to this type of problem have been ob tained by Blum (5) , as presented in Lih (25) . Some as sumptions utilized with this model are a concentrationindependent, zero order per volume rate constant for ox ygen consumption, q," longitudinal diffusion is negligi ble (D z = 0), and the fiber wall is perfectly permeable to oxygen due to its high porosity. The solution for the oxygen concentration in the extracapillary space, C E , ob tained is:
where C=C" V and D r is the oxygen diffusivity in the radial direction,
Ri is the radius of the fiber, R, is the outer radius of the 
Scales of Parameters
To calculate the entering oxygen concentration for these models, the partial pressure of oxygen in the enter ing blood was approximated by 40 mmHg (venous blood). It was assumed that at a partial pressure of oxy gen of 10 mmHg, hypoxia is incurred by the cell with resulting cell injury. From this premise, the minimal concentration of oxygen that is needed by a cell was estimated. The solubility of oxygen in blood plasma is approximately 3 x 10~5 ml 0 2 (STPD or standard temper ature, pressure, dry) per ml blood per mmHg (36) . From the oxygen dissociation curve of hemoglobin, a p0 2 of 10 mmHg corresponds to approximately 13.5% hemo globin saturation (pH 7.4, temp = 37°C) and a p0 2 of 40 mmHg corresponds to approximately 75% saturation (36) . The maximum amount of oxygen that can be bound to hemoglobin (Hb 4 ) is 0.201 ml 0 2 /ml blood (36) . The hemoglobin concentration of an average per son is 0.15 g/ml (36) . Adding the amount of oxygen dissolved in plasma and the amount saturated with he moglobin, the total oxygen concentration was obtained (Tables 1 and 2 ). The basal rate of 0 2 consumption for our cells was used in both models. For the second model, an estimate for the total number of cells that can be grown on microcarrier beads within a Fresenius Min ifilter™ cartridge was determined by our group using an assay for lactate production. From lactate production of our proximal tubule cells, we calculated that the number of cells within our cartridge was found to be 3.67 x 10 7 cells/ml (28) . The interfiber distance was calculated by assuming hexagonally packed fibers. Each hexagon is composed of an equivalent of three full fibers: one in the middle and six at the corners, each contributing one third of their area. Using the area of a hexagon, the inter fiber distance was calculated.
RESULTS
Oxygen Consumption Rate Results
The basal rate of cell respiration for proximal tubule cells in suspension was found to be 2.29 ± 0.53 nmol O 2 /10 6 cells/min for porcine cells. Respiratory rates de clined significantly to 0.78 ± 0.35 (p < 0.001) when cells were exposed to oligomycin (17.2 uM) and increased to 3.55 ±0.87 (p< 0.001) when exposed to CCCLP (10 u.M). Serial passaging of cells showed no significant dif ference in respiratory rates of the porcine cells in sus pension from primary culture through the sixth pass (Table 3) .
Respiratory rates for proximal tubule segments in suspension and cells adherent to microcarriers are shown in Figure 3 . Rates were normalized per milligram pro tein due to the difficulty of measuring cell number in tubules themselves. No significant difference was found between rates associated with cells in suspension and adherent cells (data not shown); however, tubules in sus pension demonstrated significantly (p< 0.001) higher respiratory rates compared to both suspended and an chored cells. Of note, because no significant difference was found between the respiratory rates of cells grown on gelatin microcarriers and those grown on dextran mi crocarriers, rates were combined in computing the aver age. The basal rate of respiration for cells attached to microcarriers was found to be 8.15 ± 2.14 nmol/mg protein/min, with a decline, which did not reach signifi cance, to 5.84 ± 0.75 ip > 0.05) in the presence of oligo- 
Flow Study Results
Flow within the glass chamber was visualized in four ing the 37% glycerol/water fluid, with somewhat more exaggerated areas of stagnation (data not shown).
When a cartridge with fibers was used, fluid was al lowed to flow coming into the top ECS port and out of the other top ECS port. Dye seemed to be well dispersed at entry and exit, due to the mixing action afforded by the fibers (Fig. 4E ). Some stagnation was noticed near the exit port upon flushing. Using an endoscope situated within the fiber bundle in the ECS, the internal flow of dye was visualized as it approached the endoscope (data not shown). Dye filled the view of the screen, inferring complete dispersion among the fibers.
Cells in Fibers Modeling Results
Results for Case (i): Oxygen Being Supplied by Blood
in the ECS. In this case a piece of information that was needed but not available was a direct measurement of oxygen diffusion in ultrafiltrate within the porous wall of the fibers. In order to obtain a numerical answer, it was assumed that the diffusion coefficient of oxygen in the ultrafiltrate is the same as its diffusion coefficient in water D 0 i ~ 2.510~5 cm 2 /s. It was also assumed that the fiber wall does not present any resistance at all or is highly porous. With these assumptions, 100 ml/min of blood at 75% of saturation pressure at 40 mmHg and a normal Hb concentration of 0.15 g/ml can provide ade quate oxygen to support renal tubule cells for a length of 20 m before any hypoxia can occur. We should point out that with the assumptions made for this modeling, only 30% of the total oxygen in the entering blood is utilized. For an acutely ill person, the Hb concentration may decline as low as 0.05 g/ml. In that case, the avail able oxygen decreases proportionately and the length over which cells can be sustained is reduced to 7 m. If a maximal 0 2 consumption, as defined by CCCLP-induced 0 2 consumption, by the tubule cells is assumed, then the length gets reduced dramatically to only 62 cm. This is due to the fact that a larger concentration gradi ent is needed to maintain the 55% higher flux of oxygen. whereas when oxygen is being supplied by the ultrafil trate, the effective boundary layer is not fixed and is much thinner.
Results for Case (ii): Oxygen Supplied by
Results of mathematical models of both extremes in dicate that for a fiber bundle length of 12.7 cm within an Amicon Minifilter Plus™, either method of supplying the oxygen would be satisfactory.
Cells in Extracapillary Space Modeling Results
As can be seen from the governing equations, the concentration of oxygen within both the ECS and the fibers decreases linearly in the longitudinal direction. The decrease in ECS concentration is more dramatically affected, being radially dependent as well as longitudi nally dependent. Both concentrations also decrease with decreasing flow rate. Different values for the maximal longitudinal distance, z, were evaluated with the stated parameters, substituting C^ for C E . Using a normal Hb concentration of 0.15 g/ml (corresponding to the stated values for concentration), a maximal length that would still sustain cell viability was found to be 8.68 m. Using the lowered concentration of Hb for an acutely ill person (0.05 g/ml) and the estimates for saturation from the ox ygen dissociation curve (C 0 = 2.40 x 10" 6 , = 2.30 x 10~7), a maximal distance of 3.00 m was calculated. When values for a normal Hb concentration but maxi mal rate of 0 2 consumption (CCCLP) for cells were used, the distance was calculated to be 5.59 m. If in this scenario oxygen was supplied from ultrafiltrate via the lumen alone (no hemoglobin), the maximum theoreti cally determined length a cartridge could sustain cell vi ability was calculated to be only 3.29 cm. The use of a blood component in our conceptualized design greatly increases the amount of oxygen that can be delivered within the device.
DISCUSSION
The use of biohybrid devices composed of living cells supported on a polymeric substrata has been pro posed as a way of replacing renal function. Oxygen is known to be a limiting nutrient affecting cell growth and viability, making its adequate supply a critical factor in device design (9) . The goal of this study was to demon strate the feasibility of constructing such a device that would maintain cell viability in terms of oxygen de livery.
Oxygen Consumption
Measurement of tubule and cell respiration provides (Table 4) .
Despite multiple passaging, these cells in culture seem to maintain a constant metabolic rate ( Table 3) .
Knowing that the cell's metabolic needs and oxygen up take rates are stable allows the flexibility of being able to culture primary cells and expand them to be subse quently used in a bioartificial device. Higher respiratory rates were observed for tubules compared to cells in cul ture. Higher respiratory rates of the freshly isolated tu bules were expected and are most likely due to the high mitochondrial density inherent to in vivo proximal tu bules (12) . Despite this change in 0 2 consumption from tubules to cultured cells, recent experiments from our lab have demonstrated maintainence of differentiated transport and metabolic function of these cells within these renal tubule devices (14, 17) .
An added focus of this study was to determine whether or not a difference in respiratory rates exists between studies performed with cells in suspension and those with adherent cells. No difference was found in measurements assessed with renal proximal tubule cells in suspension compared to those of cells adherent to mi crospheres ( Fig. 3 ). It has been shown that with an chorage-dependent cells, oxygen uptake rates during the initial culture period are higher compared with data as sessed after longer incubation times (when cells have reorganized and adapted in culture) ( Table 4 ). Cell spreading, not cellular attachment, is thought to be the energy-requiring step where the polymerization and depolymerization of actin requires metabolic energy, giv ing rise to increased oxygen uptake (37) . In this study, respiratory rates were measured once cells had reached confluency when grown on culture dishes or once growth had stabilized when grown on microspheres. It is presumed that the cells in culture had adapted to their respective environments, accounting for the stable rates observed. Also, respiratory rates of cells in suspension were measured within a relatively short time period (ap- Reported values were converted to consistent units for comparison. Numbers in parentheses indicate references from which data were taken. Bold indicates values found in this study. proximately 1 h), which may not have been enough time to allow for significant metabolic adjustments.
Flow Visualization
Consideration of the flow properties of a bioartificial device is critical to its design. Convective transport plays an important role in the survival of the cells living within the device, both in terms of nutrient delivery and metabolic waste excretion (34) . By utilizing flow visual ization techniques, we could ascertain overall flow pat terns, detect excessive turbulence, and realize areas of low or stagnant flow. This becomes increasingly impor tant when considering blood as the flowing medium. Ex cessive turbulence could cause hemolysis (39) . On the other hand, blood stagnation could cause thrombosis, which could lead to the blockage of flow, generate a barrier to nutrient diffusion, and cause localized areas of cell death. In order to properly design our bioartificial tubule device, we sought to detect and minimize areas of stagnant flow by testing various design configurations.
The geometry of our glass flow chamber was found to be an important factor in resulting flow patterns. The configuration we tested that led to the smallest areas of stagnant flow was when fluid entered the top of the de vice and exited downstream at the top. Bottom exiting configurations did not allow the dye to reach the top of the device on the side of the exit port. A slight density difference between the dye and the water may have ex aggerated that effect.
When this geometry was tested using a commercial cartridge containing thousands of fibers in a packed bun dle, areas of stagnant flow were less apparent. Due to the mixing action afforded by the fibers oriented perpen dicular to the entering flow, the dye became well dis persed both at the entry and exit ports. A small area of concentrated dye was noticed at the exit-side port in this configuration, however. Video taken using an endoscope situated within the fiber bundle in the ECS confirmed that dye was flowing into the middle of the fiber bundle and became well distributed. This infers that areas of low or stagnant flow do not exist among the fibers.
Modifying various parameters, such as increasing the flow rate of the entering fluid, could decrease or dimin ish areas of stagnant or low flow. However, a balance must be met with other design limitations. Avoiding ex cessive turbulence and allowing an ample residence time for metabolite transport, either by active means by the cells themselves or by passive, diffusive transport, are also important.
Use of this simple and inexpensive technique allowed us to qualitatively confirm the extent of convective fluid transport within our device geometry and gave insight to potential problem areas, in terms of flow properties. By identifying areas of stagnant flow, devices can be designed to circumvent potential problems (i.e., by uti lizing a potting material to replace those areas, not al lowing cell growth to occur in these virulent areas).
Modeling
For our purposes, mathematical models describing oxygen concentration profiles in the two different device configurations were used to simply estimate the maxi mum overall length a device can be designed and con firm that this design could maintain cell metabolic via bility throughout, with respect to oxygen limitations.
More sophisticated models have been developed de scribing various systems, taking into account the com plexities of several additional parameters not discussed here (3, 6, 8, 20, 22, 24, 35) . Our estimates simply allowed us to assess the feasibility of designing a bioartificial renal tubule device, either using renal proximal tubule cells grown at high density on microcarrier beads in the ECS of a hollow fiber bioreactor, or with these cells grown as a confluent monolayer within the hollow fibers of a bioreactor.
We found that by using the prototypes mentioned (Amicon Minifilter Plus™ and Fresenius Minifilter), we could theoretically sustain cell growth and viability, with respect to oxygen limitations, for up to meters in length for each design. If, however, only dissolved ox ygen within the ultrafiltrate component was used as the oxygen source, the maximum length attainable de creased dramatically. This was due mainly to the oxygen carrying capacity of hemoglobin within the blood com ponent. In designing a cell device as described here, it was found that a blood component is needed to sustain oxygen requirements. Utilizing the postfiltered blood from an upstream hemofilter as an oxygen source within the tubule device is part of our conceptualized design.
Prototypes of the tubule devices discussed here have been made in our laboratory and have proven to sustain cell growth and viability in culture. We have shown these devices can be sustained in culture for up to 2 months and to be metabolically active in vitro (18, 27) .
Ex vivo experiments are under way to ascertain the per formance of our cells within these prototypes and our conceptualized circuit design (14) . To date, our experi mental results look promising as to the viability and functionality of the cells within the tubule constructs.
These recent findings have utilized a commercially available high flux hemofiltration cartridge of 0.7 m 2 membrane surface area that contain up to 2.5 x 10 9 cells. This cell mass is approximately 50% of the proximal tubule cell mass of an adult human kidney (14, 17) . work was supported by grants from the VA Research Service, NIH DK-39255, DK-48175, DK-50539, and Nephros Thera peutics, Inc.
